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a b s t r a c t
In 2007, the U.S. Geological Survey initiated a low-density (1 site per 1600 km2, 4857 sites) geochemical and mineralogical survey of soil of the conterminous United States as part of the North American Soil Geochemical Landscapes Project. Three soil samples were collected, if possible, from each site; (1) a sample from a depth of 0 to
5 cm, (2) a composite of the soil A-horizon, and (3) a deeper sample from the soil C-horizon or, if the top of
the C-horizon was at a depth greater than 100 cm, from a depth of approximately 80–100 cm. The b 2 mm fraction
of each sample was analysed for a suite of 45 major and trace elements following near-total multi-acid digestion.
The major mineralogical components in samples from the soil A- and C-horizons were determined by a quantitative X-ray diffraction method using Rietveld reﬁnement. Sampling ended in 2010 and chemical and mineralogical analyses were completed in May 2013. Maps of the conterminous United States showing predicted element
and mineral concentrations were interpolated from actual soil data for each soil sample type by an inverse distance weighted (IDW) technique using ArcGIS software. Regional- and national-scale map patterns for selected
elements and minerals apparent in interpolated maps are described here in the context of soil-forming factors
and possible human inputs. These patterns can be related to (1) soil parent materials, for example, in the distribution of quartz, (2) climate impacts, for example, in the distribution of feldspar and kaolinite, (3) soil age, for
example, in the distribution of carbonate in young glacial deposits, and (4) possible anthropogenic loading of
phosphorus (P) and lead (Pb) to surface soil. This new geochemical and mineralogical data set for the conterminous United States represents a major step forward from prior national-scale soil geochemistry data and provides
a robust soil data framework for the United States now and into the future.
Published by Elsevier B.V.

1. Introduction
Soil is at the junction of the lithosphere, the biosphere, and the atmosphere, and has a critical role in all aspects of ecology and human existence. Soil supports food production, controls water storage and
ground water recharge, and shapes the biogeochemical cycles for essential nutrients in the environment. Despite the vital status of soil, there
has been a remarkable lack of information on soil geochemistry for
soil collected and analysed with consistent protocols for much of the
North American continent (Smith et al., 2013a). These data limitations
were addressed by the North American Soil Geochemical Landscapes
Project (NASGLP), a cooperative project among the national geological
surveys of the United States, Mexico, and Canada (Friske et al., 2013;
Smith et al., 2009, 2011, 2012). The objectives of the NASGLP were to
(1) produce a soil geochemical and mineralogical database, and its
representation in map form, for the continent of North America
⁎ Corresponding author. Tel.: +1 763 783 3291; fax: +1 763 783 3103.
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(21 million square kilometres), (2) interpret observed geochemical
and mineralogical patterns in terms of processes that caused those
patterns, and (3) establish an archive of soil samples for use by future
investigators. From 2007 to 2010, the U.S. Geological Survey (USGS)
collected soil samples from 4857 sites throughout the conterminous
United States as part of the NASGLP (Fig. 1A). The purpose of this
paper is to use selected geochemical and mineralogical maps (areas
outlined in Fig. 1B) to demonstrate broad-scale processes that control
observed regional- and national-scale patterns of the distribution of
elements and minerals in the different soil types of the conterminous
United States.

2. Methods
All geochemical and mineralogical data for the conterminous United
States were published by Smith et al. (2013b). This report (1) describes
ﬁeld sampling activities, sample preparation, and analytical methods,
(2) gives details of the quality control protocols used to monitor the
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Fig. 1. (A) Distribution of soil sample sites (small black dots) displayed on a map of the physiographical provinces of the conterminous United States (Fenneman and Johnson, 1946).
(B) Index map of the conterminous United States showing state names and major river systems (from www.nationalatlas.gov).

quality of chemical and mineralogical analyses generated over approximately six years, and (3) makes available the soil geochemical and
mineralogical data. The report and analytical data are available for free
download at http://pubs.usgs.gov/ds/801/. Interpolated maps showing
the spatial distribution for each element and mineral and statistical
summaries of all data are now available as a published report (Smith
et al., 2014), and through an interactive web page http://mrdata.usgs.
gov/soilgeochemistry/#/summary. Only a brief overview of sampling
protocols and analytical methods provided in Smith et al. (2013b) are
given below.

2.1. Soil sampling
Sampling for the national-scale soil geochemical and mineralogical
survey of the conterminous United States began in 2007 and was ﬁnished in 2010. Chemical and mineralogical analyses of the samples
were completed in May 2013. Sample sites were selected on the basis
of a generalised random tessellation stratiﬁed design (Stevens and
Olsen, 2003, 2004) at a density of approximately 1 site per 1600 km2
(4857 sites for the conterminous United States) (Fig. 1B). This design
produces a spatially balanced set of sampling points without adhering
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to a strict grid-based system. If an original target site was inaccessible
for any reason during the sampling effort, the ﬁeld crew would select
an alternative site as close as possible to the original site with landscape
and soil characteristics as similar to the original site as possible.
The sampling protocols used for the national-scale survey were
a combination of depth-based and horizon-based sampling. Ideally,
the following samples were collected at each site: (1) composited soil
from a depth of 0 to 5 cm, deemed especially important for human
health considerations; (2) a composite of the soil A-horizon (the uppermost mineral soil); and (3) a sample from the soil C-horizon (generally
partially weathered parent material) or, if the top of the C-horizon was
deeper than 100 cm, a sample from about 80 to 100 cm. A comprehensive discussion of the sample site design and ﬁeld sampling protocols is
in Smith et al. (2013b).

using a Rietveld reﬁnement method (Dreele, 1997; McCusker et al.,
1999; Sakata and Cooper, 1979). Splits of the b2 mm fraction were
used for analysis. Zinc oxide (ZnO, 10 wt.%) was added to each sample
as an internal standard, which allows calculation of an amorphous
component (this portion of the sample not quantiﬁed by the diffraction technique). The sample-ZnO mixture was ground for 3 min in isopropyl alcohol using a micronising mill and agate beads. Dried
samples were disaggregated by passing through a 400 μm sieve and
lightly pressed into back-loaded sample mounts. Samples were
analysed on a PANalytical X'Pert PRO Materials Research diffractometer
using Cu Kα radiation to collect digital data continuously from 3° to 70°
2θ (scan speed = 0.0567° 2θ per second). PANalytical HighScore Plus
software version 2.2a was used for pattern processing, mineral phase
identiﬁcation, and Rietveld quantitative mineral analysis.

2.2. Geochemical analyses

2.3.1. Quality control protocols for mineralogical analyses
A comprehensive discussion of the QC protocols for the quantiﬁcation of soil mineralogy is given in Smith et al. (2013b) and summarised
brieﬂy here. It is recognised that the highly weathered nature of many of
the soil samples, and this selected method of quantiﬁcation imposed
some limitations on the analysis of clay phases, disordered clay phases,
and amorphous components. The reliability of this method for common
minerals was evaluated by analysing standard mixtures of pure mineral
phases and standard mineral mixtures prepared in-house. Standards
were inserted in each batch run of 45 unknowns to evaluate instrument
drift. Additional standard mineral mixtures were analysed multiple
times to evaluate mineral identiﬁcation. Two duplicate samples were
also analysed in each batch run of 45 unknowns. It was determined
that the overall average accuracy reported with respect to absolute differences between actual and calculated percentages is 2%.

Each sample was air-dried at ambient temperature, disaggregated,
and sieved to b2 mm. The b 2 mm material was then crushed to
b150 μm prior to chemical analysis following near-total digestion in a
low temperature mixture of hydrochloric, nitric, perchloric, and
hydroﬂuoric acids. Concentrations of Al, Ca, Fe, K, Mg, Na, S, Ti, Ag, Ba,
Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Ga, In, La, Li, Mn, Mo, Nb, Ni, P, Pb, Rb, Sb,
Sc, Sn, Sr, Te, Th, Tl, U, V, W, Y, and Zn were determined by inductively
coupled plasma–atomic absorption spectrometry (ICP-AES), and inductively coupled plasma–mass spectrometry (ICP-MS) following the fouracid dissolution. Mercury was determined by cold-vapour atomic
absorption spectrometry after dissolution in a mixture of nitric and hydrochloric acids. Arsenic was determined by hydride-generation atomic
absorption spectrometry following fusion in a mixture of sodium peroxide and sodium hydroxide. Selenium was determined by hydridegeneration atomic absorption spectrometry after dissolution in a mixture of nitric, hydroﬂuoric, and perchloric acids. Total C was determined
by use of an automated carbon analyser. The concentration of organic C
was calculated by subtracting the amount of inorganic (carbonate) C
(determined from the mineralogical data for the carbonate minerals calcite, dolomite, and aragonite) from the total C concentration.
2.2.1. Quality control protocols for geochemical analyses
A comprehensive discussion of analytical methods, including quality
control protocols, is given in Smith et al. (2013b) and summarised
brieﬂy here. This project followed four of the ﬁve recommended quality
control (QC) procedures for geochemical mapping (Demetriades et al.,
2014; Reimann et al., 2008, 2009, 2011, 2012). These four are (1)
randomisation of samples prior to analysis, (2) insertion of international
reference materials, (3) insertion of project standards, and (4) insertion
of analytical duplicates of project standards. The ﬁfth procedure that was
not part of this project is collection and analysis of ﬁeld duplicates. The
pilot study for this project collected ﬁeld duplicates as part of the sampling protocols (Smith et al., 2009). Based on an analysis of variance by
Garrett (2009), it was determined that for this larger spatial project, collection of ﬁeld duplicates would not improve the overall QC of the data.
The geochemical analyses received QC checks on three separate
levels. For the ﬁrst level, the USGS contract laboratory monitored QC
by analysing a reference material (RM) with every batch of 48 samples.
For the second level, the USGS QC ofﬁcer inserted at least one RM between separate batches of 20 to 30 samples. At the third level, two
blind RMs were inserted by the project manager (D.B. Smith, USGS) in
each separate batch of 20 to 30 samples. Results from repeated analysis
of two separate RMs indicated that, in general, there were no serious
quality problems.
2.3. Mineralogical analyses
All soil A- and C-horizon samples were analysed by X-ray diffraction
(XRD), and the percentages of major mineral phases were calculated

3. Results and discussion
Soil by its very nature is anisotropic, developing vertical and lateral
differences through pedogenetic processes. Soil geochemistry is determined by the original (inherited) mineralogy of the parent material
and the transformations that these minerals may undergo during soil
formation, as well as possible inputs from geogenic dust and human
activities. Jenny's (1941) ﬁve soil-forming factors account for most of
the differences in soil geochemistry and mineralogy across the conterminous United States. These ﬁve factors are: (1) parent material,
(2) climate expressed as both precipitation and temperature effects,
(3) topography, (4) time, and (5) organisms. Anthropogenic impacts
on soil chemistry are included in this ﬁnal factor, as humans have a profound inﬂuence on many facets of soil chemistry through activities, such
as changes in land use and land cover, industrialisation, agriculture,
mining and mineral processing, and urbanisation.
Many of the soil geochemical and mineralogical characteristics
revealed by the new data of the conterminous United States can be
interpreted in the context of landscape units related by common
geographical or geological properties. These landscape units can share,
for example, common topography, bedrock type and structure, and
geological and geomorphological history (i.e., physiographical provinces as described by Fenneman and Johnson, 1946) or common land
use, elevation and topography, climate, water, soil types, and vegetation
(i.e., Major Land Resource Areas as described by United States Department of Agriculture and Natural Resources Conservation Service,
USDA-NRCS, 2006). Information on the surﬁcial geology for the conterminous United States that was used to determine soil parent materials is
from Soller et al. (2009).
The interrelated effects of Jenny's (1941) ﬁve factors, and possible
human impacts, are described in the sections below for selected aspects
of the new soil geochemistry and mineralogy for the conterminous
United States. Observed geochemical and mineralogical patterns are
interpreted in terms of soil-forming processes that control vertical and
spatial distribution. The maps used here to show predicted element
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and mineral concentrations across the United States were interpolated
from the actual soil concentration data for each soil sample type by an
inverse distance weighted (IDW) technique using ArcGIS software.
The IDW method as applied here predicted unique concentration values
for an array of grid cells, each of which covers an area of 444 km2, over
the conterminous United States, determining an average concentration
value for all data points within 75 km of the centre of each grid cell
(Smith et al., 2014).
3.1. Quartz
Quartz in soil occurs as an inherited primary mineral from soil parent materials. Because of its resistance to weathering, the percentage
of quartz increases in soil over time as less resistant minerals breakdown. Quartz concentration is one of the most signiﬁcant variables in
soil of the conterminous United States. It varies from 0.2 to 99.4 wt.%
and quartz is, on average, the most abundant mineral in soil with a
median concentration of 44.1 wt.% in the soil C-horizon. The map of
quartz in the soil C-horizon (Fig. 2) shows large areas of distinctively
high and low quartz concentration that can be related directly to soil
parent materials. For instance, very high quartz concentration is a characteristic of soil along the eastern United States. The split outline for the
Coastal Plain shown in Fig. 2 is taken from the Coastal Plain physiographical province outline (Fig. 1A), but cutting out the young alluvium
and loess terraces of the Mississippi River and the Red River alluvium
that cut through the older Coastal Plain. In general, soil within the
Coastal Plain area is quartz-rich, excessively drained soil formed on
Late Cretaceous to Holocene marine, predominantly clastic, sedimentary rocks, and aeolian deposits. Soil high in quartz also occurs in the
Ozark Plateau physiographical province in the midcontinent where
stony soil, largely composed of chert residuum in clay, is formed by
deep weathering of cherty carbonate rock. The Colorado Plateau physiographical province in south-western United States is a region of mostly
quartzose sandstone bedrock. Quartz-rich soil in this region is mostly

formed on sandstone residuum and colluvium or from aeolian or alluvial deposits (Reynolds et al., 2006). Soil developed on aeolian sand in the
Nebraska Sand Hills and in west Texas/eastern New Mexico also has
high quartz concentrations. Within the glaciated portion of the country,
especially high quartz concentrations along the western shore of Lake
Michigan and the eastern Upper Peninsula of Michigan occur in areas
of sandy glacioﬂuvial sediment and till. In contrast to these areas of
high quartz, a prominent low in soil quartz concentration occurs in a
large region of the north-western United States. In this area, soil is developed on mostly maﬁc igneous bedrock that has little or no primary
quartz. Similarly, in the Edwards Plateau area of south-west Texas, soil
is developed on limestone bedrock that also contains little primary
quartz.
The quartz concentration of soil inﬂuences the distribution patterns
of many other elements. Quartz contains essentially no elements other
than silicon and oxygen, so that it acts to variably dilute other minerals
that carry most of the elements that were determined. Twenty elements
from the soil C-horizon (Al, Ga, Na, Sc, Fe, Mg, V, Be, Ba, Sr, Y, K, P, Co, Ca,
Tl, Li, Rb, Nb, and Zn, listed in order from highest to lowest negative correlations) show signiﬁcant negative correlation with quartz concentration, indicating that this inverse quartz relationship will necessarily
appear as part of their distribution patterns on national-scale maps.
Thus, the spatial distribution of these elements is, in part, controlled
by processes that concentrate or dilute quartz rather than processes related to the geochemical behaviour of these elements themselves. It is
important when interpreting the cause of geographical variation of
many elements to assess what portion of that variability is caused solely
by this ‘quartz effect’ (Bern, 2009).
3.2. Feldspar, kaolinite, and climate
The interplay of moisture and temperature is a major factor in determining soil characteristics, and these climate effects are strongly
imprinted on the distribution of many elements and minerals across

Fig. 2. Interpolated distribution of quartz in the soil C-horizon. Named areas include Colorado Plateau, Ozark Plateau, Piedmont, and Coastal Plain physiographical provinces (Fenneman
and Johnson, 1946) and the distribution of aeolian sand in west Texas and the Nebraska Sand Hills (Soller et al., 2009). Extensive provinces of maﬁc bedrock, limestone, and glacial deposits
(outwash and till) are also indicated. Notation: Perc = percentile; wt.% = weight percent.
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the conterminous United States. A broad, rather uniform, gradient in
average annual precipitation extends across nearly two thirds of the
United States from low precipitation east of the Rocky Mountains to
higher precipitation to the east and south-east. Annual precipitation
varies about ﬁve-fold along this gradient (Fig. 3A). A second, much
sharper gradient in the north-western United States separates hyperhumid areas along the west coast from a drier, less humid climate
inland. The boundary between these two climate regimes lies along
the crest of the Cascade Range and the Sierra Nevada Mountains,
where annual precipitation varies by ten-fold or greater between the
western and eastern ﬂanks of these ranges. Both this broad national
precipitation gradient, and the more local west coast precipitation gradient, are strongly expressed in soil composition as illustrated in examples given below.
One of the most fundamental changes in soil composition across
the United States is the weathering of feldspar in soil from west to
east and south-east along the gradient of increasing precipitation from
the Rocky Mountains to the east coast. Fig. 3B shows the distribution
of total feldspar (total plagioclase + total potassium feldspar) in the
soil A-horizon. Feldspar minerals are very reactive in the soil environment, typically breaking down in humid regions by hydrolysis and
leaching to form the clay mineral kaolinite (H4Al2Si2O9), while releasing
Ca, Na, or K cations into solution. Feldspar, prevalent in soil, sourced
from metamorphic and igneous rocks in the western United States,
gives way to soil in the eastern United States formed from similar parent
materials from which the original feldspar has been largely to totally
obliterated by weathering in a more humid climate. For example, soil
in the Piedmont physiographical province is developed from saprolite
formed on crystalline Precambrian and Palaeozoic metamorphic and
igneous, largely granitic, rocks. Piedmont soil types are deeply weathered and most feldspar has been altered to kaolinite, and Al-rich clay
(Fig. 3C). The mineral gibbsite [Al(OH)3] is an end product for intense
chemical weathering, and all occurrences correlate with high kaolinite
concentrations (Fig. 3C). Gibbsite is detected in soil from the Piedmont
where intense weathering has modiﬁed kaolinite to gibbsite by loss of
silica. In the north-western United States, the extreme climate variability from the coast to the interior mountain ranges forms a very sharp
precipitation gradient (Fig. 3A), so that the gradual changes in soil mineralogy and chemistry observed in the eastern half of the United States
are compressed along comparably sharp gradients. These changes are
expressed as lower feldspar and higher clay concentration, especially
kaolinite, in the coastal, higher precipitation areas, as well as lower concentrations of K, Na, Ba, and other elements common in feldspar (Fig. 3C,
D, E). As in the Piedmont, the intensity of weathering has been sufﬁcient
in some areas to produce extremely aluminous soil marked by the appearance of gibbsite (Fig. 3C).
This loss of feldspar in soil is expressed not only mineralogically by transformation of feldspar to kaolinite and then to gibbsite,
but chemically in the leaching of nearly all major and trace elements
present in the feldspar structure. Prime examples are the major elements K and Na (Fig. 3D, E) and the trace element Ba (Fig. 3F), all of
which become successively depleted in soil from west to east, duplicating the feldspar pattern. The area of feldspar-depleted soil is of generally
low to moderate relief, so that long-term weathering under humid conditions and low erosion rates forms large areas of very mature saprolitic
soil, depleted in most easily leached elements. Although the Piedmont
has complex bedrock geology providing highly variable soil parent materials, the effect of this parent material compositional variability is suppressed by the effects of intense chemical weathering. The importance
of climate versus parent material is revealed in the mineralogy and
chemistry of soil in the Piedmont and soil in the adjacent Coastal
Plain. Soil types in both regions are developed under similar climate
regimes, but with strongly contrasting parent materials. Soil in the
Piedmont typically has high secondary kaolinite concentrations, whereas soil in the Coastal Plain is dominated by primary quartz (Markevich
et al., 1990).
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3.3. Effects of Wisconsinan glaciation
Much of Canada and about 15% of the northern conterminous United
States was covered by the Pleistocene Laurentide Ice Sheet (Fig. 4A).
In the Upper Midwest melting of glacial ice following multiple late
Wisconsin-period advances (16,000 to 12,000 years ago; Dyke et al.,
2002; Mickelson and Colgan, 2003) left the region mantled with a
blanket of mixed, immature sediments from which present day soil
developed. Soil that developed on these young glacial sediments has
distinctive mineralogy and chemistry compared to soil beyond the glaciated region. The relatively short time for soil development results in
soil that commonly has high concentrations of easily weathered minerals, such as carbonates and related elements (for example, Ca and
Mg), which typically are missing in older, highly developed soil. A number of trace elements unrelated to carbonate minerals, including Be, Bi,
Cs, La (Fig. 4B), Ni, Th, and Ti also have sharp gradients in concentration
across the southerly glacial limit, with generally lower concentration in
soil within the glaciated region compared to areas beyond the southerly
glacial limit, because of the abrupt change in parent materials and soil
age.
The provenance of transported glacial sediments is a combination
of near and distant bedrock lithologies, which in some cases can form
patterns of element and mineral concentrations in soil disconnected
from underlying bedrock. Carbonate- and shale-rich ‘grey’ till in
Minnesota, North Dakota, South Dakota, and Iowa, deposited by the
Des Moines and James ice lobes, was derived from Cretaceous sedimentary rocks (dolostone, limestone, grey shale). This carbonaterich till was transported signiﬁcant distances to the south and
south-east from its source, and deposited on Precambrian bedrock
that is devoid of carbonate minerals. In central Minnesota, northern
Wisconsin and upper Michigan ‘red’ quartz- and feldspar-rich till of
the Rainy and Superior lobes has a Precambrian granite/basalt/red
sandstone provenance. In the lower Great Lakes region, carbonatebearing till sourced from more local dolostone, limestone, and
black shale was deposited by the Green Bay and Lake Michigan ice
lobes in western Wisconsin and northern Illinois (Johnson, 1986),
and by the Erie–Huron ice lobe in eastern Indiana and western
Ohio (Hofer and Szabo, 1993). One consequence of this glacial dispersal and minimal weathering of these young soil types is a large
area that retains inherited carbonate minerals (Fig. 4C). Calcite
is more common in soil developed on grey till of the Dakotas and
western Minnesota, whereas soil developed on till in eastern
Wisconsin and northern Illinois is characterised by high dolomite concentration relative to calcite concentration. One consequence of this
high dolomite concentration is that dolomite-bearing soil in this area
has some of the highest soil Mg concentrations in the United States
(Fig. 4D).
The inﬂuence of a shale component on soil chemistry is illustrated
by the distribution of Mo in soil from glaciated areas. Elevated Mo
concentrations for soil developed on the Des Moines lobe and James
lobe deposits contrast with much lower Mo concentrations in soil developed on till and outwash sourced from the Rainy and Superior lobes
(Fig. 4E). This difference in Mo concentrations can be attributed to the
presence of shale clasts in grey till compared to a lack of shale in red
till. In the lower Great Lakes, the Green Bay lobe and adjacent Lake
Michigan lobe, and the Saginaw lobe and adjacent Erie–Huron lobe,
have Devonian black shale in the glacial provenance. Because of this
black shale contribution, large areas of northern Ohio and Indiana
have higher Mo concentrations than soil developed on grey till, as
well as much of the rest of the conterminous Untied States (Fig. 4E).
Other elements enriched in soil across this area include As, Cd, Co, Sb,
U, and Zn, all of which may be enriched in this Devonian shale (Tuttle
et al., 2009). Soil geochemistry and mineralogy across the glaciated
Upper Midwest attest to the widespread impact on soil composition
that dispersal of materials originating from different bedrock sources
can have.
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Fig. 3. (A) Precipitation map for the conterminous United States (from nationalatlas.gov); (B) interpolated distribution of total feldspar in the soil A-horizon; (C) interpolated distribution
of potassium (K) in the soil A-horizon; (D) interpolated distribution of sodium (Na) in the soil A-horizon; (E) interpolated distribution of barium (Ba) in the soil A-horizon; (F) interpolated
distribution of kaolinite and individual concentrations for gibbsite (black triangles) in the soil C-horizon. Notation: Perc. = percentile; wt.% = weight percent; mg/kg = milligrammes per
kilogramme.
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Fig. 4. (A) Extent of Wisconsinan glaciation in the United States. Individual ice lobes in the Upper Midwest are named with primary ice ﬂow directions indicated by large arrows;
(B) interpolated distribution of lanthanum (La) in the soil C-horizon; (C) interpolated distribution of dolomite in the soil C-horizon; (D) interpolated distribution of Mg in the soil Chorizon; (E) inset of the Upper Midwest with moraines from different ice lobes shaded grey showing the interpolated distribution of molybdenum (Mo) in the soil C-horizon. See
index map in Fig. 1A. Notation: Perc. = percentile; wt.% = weight percent. Southern extent of glacial limit and distribution of glacial moraines from Soller et al. (2009).
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3.4. Alluvial soil in the Lower Mississippi River Valley
The Mississippi River and its tributaries drain a very large region
covering about 37% of the conterminous United States. The lower
reaches of the river south of its conﬂuence with the Ohio River consist
of broad alluvial plains and terraces composed of sediments eroded

from a wide variety of geological materials upstream. Alluvial deposits
are complex and reﬂect a history of waxing and waning of Pleistocene
glaciers, and related sea level changes, during which these distal outwash deposits were laid down. Deposition continued throughout the
Holocene to form the modern ﬂood plains. Loess was deposited through
Quaternary and Recent time when alluvium dried and was picked up by

Fig. 5. (A) Interpolated distribution of total plagioclase in the soil C-horizon developed on alluvium (cross-hatched pattern) and related loess (diagonal lines) in the Lower Mississippi River
valley (outlines from United States Department of Agriculture and Natural Resources Conservation Service, USDA-NRCS, 2006); (B) interpolated distribution of zinc (Zn) in the soil Chorizon developed on alluvium (cross-hatched pattern) and related loess (diagonal lines) in the Lower Mississippi River valley (outlines from United States Department of Agriculture
and Natural Resources Conservation Service, USDA-NRCS, 2006). See index map in Fig. 1A. Notation: Perc. = percentile; wt.% = weight percent; mg/kg = milligrammes per kilogramme.
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westerly winds, mantling upland Coastal Plain soil mostly east of the
river valley. Most of the soil derived from Mississippi River alluvium
and loess has chemical and mineralogical signatures more akin to
sources in glaciated or loess-mantled regions to the north than to the
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immediately adjacent soil east and west of the river valley, which is
largely quartz-rich Coastal Plain soil. The Mississippi River alluvial soil
is an example of long-distance transport of material in a major river
system to produce a region of soil composition on the alluvial plains

Fig. 6. (A) Interpolated distribution of phosphorus (P) in the soil C-horizon; (B) interpolated distribution of phosphorus (P) in the top 5 cm of soil.
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that is exotic to the surrounding areas. Total plagioclase and Zn in
the soil C-horizon are two good examples among many that show this
relationship and the prominent trace of the lower Mississippi River
Valley (Fig. 5A, B).
3.5. Possible anthropogenic impacts — phosphorus and lead
Soil element concentrations are highly variable across the conterminous United States, reﬂecting not only the natural variations expected
across so many gradients of soil-forming factors, but also a wide range
of human activities. Assuming that loading of elements to surface soil
reﬂects human inputs, it is possible to evaluate anthropogenic impact
to soil by comparing element concentrations in surface soil to concentrations in deeper soil at individual sites. Such comparisons can be
complicated by the potential of multiple parent lithologies at a site,
such as a loess mantle or strong vertical variations in mineralogy
but, in general, higher concentrations in surface soil versus deeper soil
supporting surface loading.
3.5.1. Phosphorus
The distribution of P in the soil C-horizon generally reﬂects the
presence or absence of P-bearing minerals in soil parent material. In
Kentucky and Tennessee, where soil has developed on weathered
Ordovician limestone that contains residual microcrystalline apatite
(Cressman and Peterson, 1986), soil is naturally high in P, with the
highest measured value of 27,400 mg/kg occurring in a soil C-horizon

sample from Kentucky (Fig. 6A). However, the regional pattern for P
in the soil A-horizon across the Midwest suggests possible loading of
P to top soil (Fig. 6B). Soil was analysed for total P, so it is not possible
to differentiate among the many P species (for example, plant soluble
vs. insoluble) that may have been present at the time of collection.
Possible anthropogenic loading to soil was evaluated by comparing P
concentrations in surface soil to concentrations in deeper soil at sites
from four states in the Upper Midwest (Indiana, Illinois, Iowa, and
Minnesota), where agriculture (including cultivated cropland and
pasture/hay) was the dominant land use/land cover classiﬁcation.
Land use/land cover categories for non-agricultural sites included
forested and herbaceous uplands. Land use/land cover information
was taken from ﬁeld notes. The median P values for soil collected from
agricultural sites (n = 276) are: 0 to 5 cm depth sample, 830 mg/kg
P; soil A-horizon, 750 mg/kg P; soil C-horizon, 470 mg/kg P. For nonagricultural sites (n = 96), the median P values are: 0 to 5 cm depth
sample, 535 mg/kg P; soil A-horizon, 520 mg/kg P; and soil C-horizon,
380 mg/kg P. These higher concentrations of P in agricultural soil
may be attributed to incorporation of plant residues, and/or application
of phosphate fertilisers or manure. This type of P imbalance between
top soil and deeper soil is consistent with patterns noted for many
countries where P accumulation in agricultural soil is attributed to inputs of fertiliser in excess of outputs in agricultural products (Bennett
et al., 2001; De Vos and Tarvainen, 2006; Reimann et al., 2003;
Salminen et al., 2005). Soil texture and mineralogy may have a role in
P retention as agricultural soil is more clay-rich (medians for the soil

Fig. 7. (A) Interpolated distribution of lead (Pb) in the soil A-horizon; (B) interpolated distribution of lead (Pb) in the soil C-horizon; (C) ratio of lead (Pb) in the soil A-horizon to the soil Chorizon; (D) population density by county of the conterminous United States (NationalAtlas.gov). Notation: Perc = percentile; mg/kg = milligrammes per kilogramme.
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A- and C-horizons are 10.2 wt.% and 11.2 wt.%, respectively) than nonagricultural soil (medians for the soil A- and C-horizons are 5.4 wt.%
and 6.6 wt.%, respectively).

3.5.2. Lead
Lead is another of the handful of elements in the soil data that
exhibits enrichment in near-surface soil relative to the soil C-horizon
at many of sample sites. The distribution of Pb in the soil A- and Chorizons is given in Fig. 7A and B. Values for the soil C-horizon primarily
represent geogenic background Pb concentrations in soil parent materials, including both underlying bedrock and unconsolidated deposits. An interpolation of Pb in the soil A-horizon divided by Pb in the
soil C-horizon is given in Fig. 7C, which indicates that the Pb concentration of the soil A-horizon is generally at least slightly higher than that of
the soil C-horizon. Based on these data, soil across much of the conterminous United States can have up to 1.5 times greater Pb concentration
in near-surface soil compared to deeper soil, and substantial areas have
soil A-horizon enrichments of 1.5 or greater. Locally, Pb enrichment
in the soil A-horizon can exceed a factor of ﬁve. Areas of known Pb
mineralisation and mining, such as central Colorado and south-east
Missouri, are apparent in both the soil A- and C-horizons; however, it
is suggested that much of the large-scale pattern of relative Pb enrichment in the soil A-horizon might be caused by additions of Pb from
widespread anthropogenic sources, such as the combustion of leaded
petrol, a once common practice that was phased out in the United
States in the 1970s. Whereas some areas of surface enrichment occur
in areas of low population density, such as northern California, northern
Michigan, and northern Minnesota, while many areas of Pb enrichment
in the soil A-horizon correspond to areas of high population density,
particularly in the populous, urbanised/industrialised north-eastern
United States (Fig. 7D). There are no known geological factors that
could account for such enrichment in the soil A-horizon, and suggest
that anthropogenic Pb addition should be considered among the possibilities for this pattern. Further interpretation of soil Pb patterns across
the country is warranted.

4. Conclusions
Spatial differences in soil geochemistry and mineralogy at regional and continental scales can be attributed to distinctive soil parent
materials modiﬁed by climate-related processes, such as weathering
(driven by continent-wide gradients of temperature and precipitation), and glaciation. Soil mineralogy exerts control on both soil
chemical and physical properties. Quantitative mineralogy, allied
with elementconcentrations, allows inference of mineralogical
hosts for many major and trace elements. Element distribution,
among the multiple soil samples collected from each site, provides
indications of possible human inﬂuences superimposed on natural
soil background concentrations. This recently completed USGS project to map the soil geochemistry and mineralogy of the conterminous United States provides a three-dimensional framework for
understanding the processes that cause observed distribution of
chemical elements and minerals in soil in this part of North America.
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